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The benign interaction between technological innovation, industrial structure, 
and ecological environment optimization is important for the sustainable 
development of China’s economy. Based on panel data from 30 provinces 
(municipalities) in China from 2003 to 2019, a coupling coordination degree 
(CCD) model was adopted to evaluate the coordinated development level 
of the technological innovation-industrial structure-ecological environment 
system (TIE). Fixed-effect models were used to explore the subsystem impact 
on the coupling coordination level. A fully modified least-squares (FMOLS) 
method was used to analyze TIE subsystem interactions. The results show the 
following: (1) The coordinated development level of TIE has steadily improved. 
The CCD of the TIE was high in the east, flat in the center, and low in the west. 
(2) Subsystem development significantly and positively affected the degree 
of coupling coordination. The ecological environmental impact on the 
coordinated development level was the largest in the eastern regions and the 
influence of technological innovation on the coordinated development level 
was the largest in the central and western regions. (3) Industrial advancement 
had a positive impact on technological innovation in 30 provinces as a whole, 
and in the eastern, central, and western regions. A “U”-shaped relationship was 
found between technological innovation and industrial advancement in all 
30 provinces, and in the eastern, central provinces. Industrial rationalization, 
industrial advancement, and technological innovation can promote the 
improvement of the ecological environment in all 30 provinces, and the 
eastern, central, and western regions.
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FIGURE 1

Interaction between subsystems of TIE.

1. Introduction

Economic growth and resource exploitation have exacerbated the 
deterioration of China’s ecological environment over the past few 
years (Liao et al., 2018). Owing to pressure from resource exhaustion 
and environmental deterioration, achieving green, coordinated, and 
sustainable development has become an urgent goal for both 
government and academia. The United Nations 2030 Agenda for 
Sustainable Development sets out 17 sustainable development goals 
and 169 targets, including the goals of sustainable management of 
environmental health (Goal 6), sustainable economic growth (Goal 
8), promoting innovation (Goal 9), and ecosystem protection (Goal 
15) (United Nations, 2015). A report of the 19th National Congress of 
the Communist Party of China pointed out that sustainable regional 
economic development has played a key role in transforming China’s 
economy from a high-speed growth stage to a high-quality 
development stage (China, 2017). Industrial structure and 
technological innovation have become the main driving factors in the 
improvement of China’s ecological environment. These two factors are 
not only the determinants of improving the ecological environment 
but are also inherently required for the high-quality economic 
development of China’s economy. The improvement in energy-saving 
and emission-reduction efficiency has also forced the government and 
enterprises to carry out technological innovation and industrial 
structure transformation to varying degrees. The 14th Five-Year Plan 
and Outline of Vision 2035 proposed investment in technological 
innovation to promote economic development, which in turn 
promotes the overall development of the regional economy 
(China, 2020).

As the largest developing country, China has always attached great 
importance to technological innovation and upgrading its industrial 
structure. The latest Global Innovation Index (GII) report released by 
the World Intellectual Property Organization shows that China’s GII 
rank from 2019, moved up two places to 12th in 2020. Data from the 
National Bureau of Statistics show that the ratio of secondary and 
tertiary industries to GDP in China is as high as 93%. However, the 

problems of unbalanced development of regional industrial structures 
and insufficient innovation momentum are still prominent and have 
become key factors restricting the sustainable development of 
China’s economy.

Upgrading industrial structure and optimizing ecological 
environment have always piqued the interests of scholars. China’s 
economy is in a critical period of transforming its development 
mode, optimizing its economic structure, and renovating its growth 
impetus. The concept of sustainable development provides a new 
opportunity to solve the problem of imbalanced and inadequate 
development and completely reverse resource and environmental 
constraints in China. There is a complex relationship between 
technological innovation, industrial structure upgrading, and the 
eco-environment, which is interrelated, influenced, and coupled 
(Figure 1). There are several questions that remain unanswered, such 
as regarding the coordinated development level of technological 
innovation, industrial structure, and ecological environment in 
China’s 30 provinces. Is there a difference in the influence of 
subsystem development level on the overall coupling coordination 
degree in different regions? Can technological innovation stimulate 
the optimization of the ecological environment while promoting 
industrial structure upgrading? Does upgrading the industrial 
structure positively impact ecological environment optimization? Is 
there a benign interaction mechanism between technological 
innovation, industrial structure upgrading, and ecological 
environment optimization? If so, what is the mechanism of 
interaction? Does this interaction mechanism differ between the 
regions? These questions highlight the need to clarify the relationship 
between these constructs. Through promoting the coupled and 
coordinated development of technological innovation, industrial 
structure, and ecological environment, and establishing an optimal 
situation in which technological innovation promotes industrial 
structure and ecological environment optimization, industrial 
upgrading, and environmental improvement promotes technological 
innovation, will become the key to sustainable economic development 
in China.

https://doi.org/10.3389/fevo.2023.1039865
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Yang and Wang 10.3389/fevo.2023.1039865

Frontiers in Ecology and Evolution 03 frontiersin.org

Based on the concept of sustainable economic development, this 
study constructs an interactive framework for technological 
innovation, industrial structure upgrading, and ecological 
environment optimization. The coupling coordination model 
(CCDM) and Fully Modified Least-Squares method (FMOLS) were 
used to test the interaction mechanism between the three, to provide 
useful references and suggestions for promoting sustainable 
development of China’s economy. A flowchart outlining the research 
is shown in Figure 2.

2. Literature review

Previous studies have investigated the relationships between 
technological innovation and industrial structure, industrial 
transformation, and environmental development, covering the 
following three aspects.

The first objective is the study of the relationship between 
technological innovation and the industrial structure. Technological 
innovation promotes the upgrading of industrial structures, which is 
an important means to achieve industrial upgrading (Gong et al., 
2015). Using data from Chinese manufacturing industries to analyze 
the impact of technological innovation on industry structure, Fan and 
Fang (2016) found that technological innovation can promote the 
manufacturing industry structure toward developing high technology 
density. Liao et  al. (2020) found that importing technology, both 
disembodied and embodied, is not conducive to industrial structure 
rationalization and upgrading. Wen et  al. (2020) found that the 
ecological efficiency of China’s industrial structure decreases from east 
to west, and the gap between provinces gradually increases. Wang 
et al. (2019) and Wang and Zhang (2020) found regional differences 
in the impact of upgrading trade structures on green technological 
innovation. Wang et al. (2021) concluded that marine technological 
innovation significantly promotes the rationalization and 
advancement of the marine industrial structure. Moreover, the impact 
of technological innovation on industrial structures under 
environmental regulation (ER) has been a focus of discussion. Shi and 
Zhao (2018) found that high-intensity environmental regulation has 
a forcing effect on technological innovation, which can promote 
industrial structure upgrading. Song and Bi (2020) found that weaker 
environmental regulation intensity for technology imports provides 
the possibility of promoting the rationalization of the industrial 
structure effect of technology innovation. Wang et al. (2022) found 

that the interaction between ER and technological innovation 
strengthens the role of technological innovation and environmental 
regulation in the upgrading and rationalization of industrial 
structures. Zhang and Lin (2022) found that formal environmental 
regulations weaken the industrial structure adjustment effect of 
technological innovation. He and Zheng (2023) found that 
technological innovation is an important means for environmental 
regulation to promote industrial advancement.

The second objective is to study the relationship between 
technological innovation and environmental development. Jin et al. 
(2014) found that the pollution emissions caused by technological 
innovation driving economic development are higher than their 
energy-saving and emission-reduction effects, and technological 
innovation will bring more pollution emissions. Wang and Luo (2020) 
found that the positive effects of technological innovation capacity on 
environmental pollution are strengthened by an improvement in FDI 
quality. Based on the CCDM, Yang et  al. (2021) found that the 
coupling coordination degree of China’s technological innovation and 
ecological environment systems showed a fluctuating upward trend, 
but the gap between regions gradually increased, showing a spatial 
pattern of high in the eastern and central regions and low in the 
western and northeastern regions. Dong et  al. (2022) found that 
environment-related green technological innovation considerably 
improved carbon emission efficiency. Yi et al. (2022) found that green 
technological innovation could alleviate haze pollution and reduce 
pollution emissions by promoting clean energy to replace traditional 
energy. Adebayo et al. (2022) used data from 1980 to 2018 in Sweden 
and adopted ARDL and spectral causality approaches to analyze the 
impact of technological innovation on CO2 emissions. They found that 
a positive shock in technological innovation causes a decrease in these 
emissions. Edziah et  al. (2022) found that machinery equipment 
imports significantly reduce CO2 emissions in 18 countries in 
sub-Saharan Africa. On the other hand, the government has adopted 
ER measures to improve environmental quality. Therefore, the impact 
of ER on technological innovation has been an important discussion. 
Zhang et al. (2018) found that command-control ER and market-
based incentive ER have different positive effects on green product 
innovation behavior, cleaner process innovation behavior, and end-of-
pipe technological innovation behavior. Cai et al. (2020) find that 
direct ER can considerably promote green technological innovation 
in heavily polluting and technology-capital-intensive industries. 
Quyang et  al. (2020) found that ER is not conducive to the 
technological innovation of state-owned enterprises with a higher cost 

FIGURE 2

The research flow chart.
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of energy conservation and emission reduction. Using a panel 
regression model, Zhang et al. (2022) found that command-control 
and market-incentivized ERs have a “U”-shaped relationship with 
technological innovation, and public-participation ER has a marked 
positive impact on technological innovation. Li et al. (2023) fond that 
heterogeneous environmental regulatory measures (environmental 
protection subsidies and pollution charges) can improve the green 
technology innovation through compensation effects.

The third objective was to study the impact of industrial structure 
on the ecological environment. Zhao (2007) found that the interaction 
between the regional differentiation of the ecological environment and 
that of the industrial spatial structures in Gansu aggravated the 
vulnerability of the ecological environment. Zhou et al. (2017) found 
that upgrading industrial structure and spatial optimization is helpful 
for achieving a balance between economic development and 
environmental protection. Li et  al. (2017) found that industrial 
structure upgrading and transformation can reduce energy 
consumption per unit of output value and reduce carbon emissions. 
Using enterprise survey data, Wang et  al. (2018) found that the 
concentration of the manufacturing industry has a negative impact on 
pollutant emissions. Liu et  al. (2019) found that economic 
restructuring and technological progress could not alleviate ozone 
pollution. Li et al. (2019) found that the adjustment and optimization 
of industrial structures improved the overall environmental pollution 
and industrial source pollution situation. Cui (2020) found that the 
synergy among the three industries has continuously improved, the 
structure ratio has become more reasonable, and a positive impact on 
the eco-environment has gradually emerged. Li J. et al. (2022) and  
Li R. R. et al. (2022) found that technological progress and industrial 
restructuring had a significant negative impact on pollutant emissions. 
Sun et  al. (2022) found that the development of tertiary industry 
promoted the optimal allocation of resources, reduced pollution 
emissions, and improved green total factor productivity. Liu et al. 
(2023) found that economic globalization improves energy efficiency 
only in upper-middle and lower-middle income countries and not in 
high and lower-income countries. In addition, the coordinated 
development between industrial structure and ecological environment 
has always been the focus of discussion. Wang et al. (2019) found that 
there is a significant difference in the degree of coupling coordination 
between the industrial structure and ecological environment in the 
Beijing-Tianjin-Hebei region, and most areas in Hebei are at a low 
level of coordination. Chen and Zhao (2019) found that the degree of 
coupling between the industrial structure and ecological environment 
in Beijing is in the stage of “superior coordinated development,” and 
the development gap between them is diminishing. Ding et al. (2020) 
found that the coupling coordination level between the industrial 
structure and the atmospheric environment in most cities of the 
Zhejiang province is relatively high, and there is a benign development 
relationship between the industrial structure, and the atmospheric 
environment. Zhang et al. (2021) found that the evolution of industrial 
structures conforms to the concept of green development. In the long 
run, the optimization of industrial structures has contributed to the 
continuous improvement of the ecological environment.

In summary, the existing research is still a lack of the following: 
(1) The existing literature on technological innovation, industrial 
structure, and the ecological environment tends to split the three 
subsystems, and there is a lack of research on technological 
innovation, industrial structure, and ecological environment as three 

measurable systems into the same framework to explore their 
coordinated development trend. (2) In terms of research methods, 
most publications have adopted the CCDM, which does not fully 
consider the effect of the development level of subsystems on the 
overall coupling coordination level. (3) The traditional CCDM 
ignores the endogenous relationship among technological 
innovation, industrial structure, and ecological environment 
optimization and cannot reflect the nonlinear relationship between 
the three.

The contributions of this studies are as follows: (1) Three 
subsystems were studied at the same level and a complex 
technological innovation-industrial structure-ecological 
environment system (TIE) was constructed. The coordinated 
development level and spatial evolution pattern of TIE in China’s 30 
provinces (cities) were discussed. (2) The difference influence of 
subsystem development level on coupling coordination degree of TIE 
in eastern, central and western regions was studied. (3) This paper 
studies the interaction mechanism between technological innovation, 
industrial structure upgrading and ecological environment 
optimization with multiple methods to ensure the reliability of the 
results, and explores the regional differences of this 
interaction mechanism.

3. Materials and methods

3.1. Data sources and data pre-processing

The data on the technological innovation, industrial structure and 
eco-environment of 30 provinces (cities) (except Tibet, Hong Kong, 
Macau, and Taiwan) is collected from the online version of the China 
Statistical Yearbook (2003–2019), China Environmental Statistical 
Yearbook (2003–2019), China Science and Technology Statistical 
Yearbook (2003–2019) and the provincial statistical yearbooks (2003–
2019). The interpolation approach is utilized for the processing of 
individual missing data. Due to China’s uneven geographical growth, 
the 30 provinces (cities) were also separated into three groups: eastern, 
central, and western regions (Xu and Lin, 2016).

Since there are discrepancies in the size and magnitude of each of 
the selected indicators, the original data are adjusted. After treatment, 
every index value was within the range [0,1].
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where t t , ,T=( )1  represents the year, i i , ,m=( )1  represents 
the province(city), j j , ,n=( )1  represents the indicator, xtij is the 
original value, x

tij
,  is the normalized values. min x , ,xt j tij1 ( )  and 

max x , ,xt j tij1 ( ) respect the minimum and maximum values of the 
j-th indicator in all of the provinces and years.
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3.2. Research methods

3.2.1. Construction of the indicator system
To highlight the important link and coordination role of 

technological innovation in the industrial structure and ecological 
environment, three subsystems of TIE were studied at the same level. 
Based on the scientific, systematic, availability, and operability of the 
index system, technological innovation can be  measured through 
innovation inputs and outputs (Ruan and Li, 2019; Yang et al., 2021; 
Guo et al., 2022). Innovation input includes the full-time equivalent 
of R&D personnel, internal expenditure of R&D funds, input intensity 
of R&D funds, and the number of R&D projects. Innovation output 
includes the number of authorized invention patents, the number of 
new product development projects in high-tech enterprises, the 
number of traded contracts, and the value of traded contracts in the 
technical market.

An industrial structure system can be  measured through 
rationalization (Yu, 2015), advancement (Gan et  al., 2011), and 
efficiency of the industrial structure. Industrial rationalization 
measures the efficient utilization of resources and the degree of 
coordinated development between the input and output of industrial 
elements. The reciprocal of the Theil index is used to measure the 
rationalization of industrial structure (Gan et al., 2011). Industrial 
advancement reflects the evolution of the industrial structure from 
primary to secondary, and then to a tertiary industry (Yu, 2015). The 
advancement of industrial structure is measured by the ratio of the 
output value of the tertiary to secondary industry and the employment 
ratio of the tertiary to secondary industry. It is believed that the 
proportion of high-efficiency industries should gradually increase 
with continuous economic development. The high-efficiency 
industrial structure includes the per capita output value of the 
secondary industry, per capita output value of the tertiary industry, 
output–input ratio of the secondary industry, and output–input ratio 
of the tertiary industry.

This study selected indicators to measure the environmental 
system from three aspects: ecological environment endowment, 
environmental pressure, and environmental response (Chen and 
Zhao, 2019; Li J. et al., 2022; Li R. R. et al., 2022), including forest 
coverage rate, the green coverage rate of built-up areas, per capita 
water resources, and per capita park green area. Environmental 
pressure included per capita industrial wastewater discharge, per 
capita industrial SO2 discharge, per capita industrial solid waste 
production, and per capita industrial soot discharge. Environmental 
responses included annual investment in per capita industrial 
pollution control, per capita domestic waste clearing and transporting 
volume, urban sewage treatment capacity, and the comprehensive 
utilization rate of industrial solid waste. In conclusion, 27 indicators 
were selected to construct an index system for evaluating the 
coordinated development of TIE (Table 1).

Among these, Theil reciprocal formula:
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Where Yi indicates the output value of the i-th industry, Li 
represents its employment level. When TL equals zero, economic 
progress is balanced. If TL’s value is greater, more economic 

development deviates from the equilibrium state. Therefore, the 
greater the value of RS, the more balanced the economic development 
and rational the industrial structure.

It is necessary to determine the weight of each index prior to a 
comprehensive evaluation of the subsystem. The combined weight 
method (Liu et al., 2014; Lai et al., 2015) was adopted to determine the 
weight, which can overcome the limitation of determining the weight 
of a single method. The subjective and objective weights of each index 
were calculated using the Analytic Hierarchy Process (AHP) and the 
entropy method.

Using the change in information entropy, the weight of each index 
was calculated using the entropy weighting method (Dong and Li, 2021). 
According to the basic principle of information theory, information is a 
measure of the degree of order of the system and entropy is a measure 
of system disorder. According to the definition of information entropy, 
the entropy value can be used to determine the degree of dispersion of 
an indicator. The smaller the information entropy, the greater the degree 
of dispersion of the index. If the entropy values of an index are equal, the 
index does not work in the comprehensive evaluation.

The AHP is a decision-making method that decomposes the 
elements related to decision-making into the levels of goals, criteria, 
and schemes, and conducts qualitative and quantitative analysis on 
this basis. AHP is more suitable for decision-making problems with 
hierarchical and interlaced evaluation indexes, and the objective value 
is difficult to describe quantitatively. It is used to construct the 
judgment matrix and to calculate its maximum eigenvalue and 
eigenvector. The normalized eigenvector is the weight of an index. 
When the judgment matrix passed the consistency test, the calculated 
weights were considered reliable (Chen et al., 2013). Otherwise, the 
judgment matrix is adjusted to pass the consistency test. In this study, 
we invited 10 experts in the field of the relationship between industrial 
structure and environment to compare the importance of the 
indicators in the subsystems.

Based on the principle of entropy, the entropy weight represents 
the degree of change in the index and not the importance of the index. 
Therefore, the weights of the indicators were calculated by combining 
AHP and entropy weight methods.
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Where ω j
1 is the weight calculated by entropy weight method, ω j

2 
is the weight calculated by AHP.

The comprehensive score of the subsystems is the sum of the 
standardized values of each index in the subsystem and the product 
of its weight.
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Where ω j is the combined weight of indicator j, xtij
,  is the 

normalized value of each index.

3.2.2. The coupling coordination degree model
The coupling degree is derived from a physical concept, which 

refers to the interaction between two or more systems, and can reflect 

https://doi.org/10.3389/fevo.2023.1039865
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Yang and Wang 10.3389/fevo.2023.1039865

Frontiers in Ecology and Evolution 06 frontiersin.org

the degree of interdependence and mutual restriction between 
systems. The coupling coordination degree refers to the degree of 
benign coupling in the coupling relationship, which can reflect the 
quality of coordination. Therefore, this study used the CCDM to 
measure the coordination development level of TIE, and three system 
coupling coordination degree models (CCDM) were introduced (Xu 
and Zhou, 2021). as follows:

 

C TI IS EE
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 D C T= ∗  (7)

 T TI IS EE= ∗ + ∗ + ∗α β γ  (8)

where D denotes the coupling coordination degree of TIE; C is the 
coupling degree; T is the degree of influence of technological innovation, 
industrial structure, and ecological environment subsystem; 
TI IS and EE,   represent the comprehensive level of technological 

innovation, industrial structure, and ecological environment subsystems, 
respectively; α β γ α β γ α β γ, and > > > + + =( )0 0 0 1; ; ;  stand for 
the contributions of the technological innovation, industrial structure, 
and ecological environment subsystems to TIE. The degree of coupling 
coordination is not considerably affected by α β γ, ,and  (He et al., 2017). 
The three subsystems of TIE were identified as equally important, and 
the coefficient was set to α β γ= = =1 3/ .

The larger the D value, the higher the CCD of TIE. Based on the 
value of D and referring to existing research (Liu et al., 2018; Chen and 
Zhao, 2019), the CCD of TIE was classified into four stages and 
further divided into nine types (Table 2).

High-quality economic development focuses on the coordinated 
development of subsystems. However, many problems are associated 
with the development process. It is important for economic 
development to identify these problems and address their 
shortcomings. To study the development of TIE subsystems, this study 
calculated the mean value of the comprehensive level of subsystems, 
which represents the national average level. The difference between 
the comprehensive level and the mean value was used to evaluate the 
situation of subsystem development, and whether the development of 
subsystems was in a balanced state could be clearly observed. Based 
on a comparison between the evaluation value of the subsystems and 

TABLE 1 Technological innovation, industrial structure, and eco-environment comprehensive evaluation index system.

Subsystem Second level indicator Primary indicator Effect IEW AHP CW

Technology 

innovation 

subsystem

Innovation input

Full-time equivalent of R&D personnel (people) Positive 0.089 0.105 0.075

Internal expenditure of R&D funds (100 million yuan) Positive 0.120 0.099 0.095

R&D spending intensity (%) Positive 0.048 0.173 0.067

Number of R&D projects (items) Positive 0.112 0.124 0.112

Innovation output

Number of invention patents granted (pieces) Positive 0.149 0.104 0.126

Number of new product development projects of high-tech enterprises (item) Positive 0.163 0.127 0.166

Number of traded contracts in the technical market (item) Positive 0.112 0.120 0.108

Technology market transaction contract amount (10,000 yuan) Positive 0.207 0.150 0.250

Industrial 

structure 

subsystem

Rationalization of industrial structure Reciprocal of Theil Index Positive 0.235 0.182 0.289

Advancement of industrial structure
Ratio of output value of tertiary industry to secondary industry (%) Positive 0.155 0.193 0.203

Employment ratio of tertiary industry to secondary industry (%) Positive 0.089 0.125 0.075

Efficiency of industrial structure

Per capita output value of the secondary industry (100 million yuan/10,000 people) Positive 0.109 0.103 0.077

Per capita output value of the tertiary industry (100 million yuan/10,000 people) Positive 0.186 0.144 0.182

Output–input ratio of the secondary industry (%) Positive 0.148 0.087 0.087

Output–input ratio of the tertiary industry (%) Positive 0.077 0.165 0.086

Eco-environment 

subsystem

Eco-environment endowment

Coverage rate of forests (%) Positive 0.101 0.121 0.148

Built area green coverage rate (%) Positive 0.024 0.086 0.025

Per capita water resources (m3) Positive 0.275 0.086 0.285

Per capita park green area (m2) Positive 0.051 0.121 0.075

Eco-environment pressure

Per capita industrial wastewater discharge(tons) Negative 0.022 0.053 0.014

Per capita industrial SO2 discharge(tons) Negative 0.020 0.088 0.022

Per capita industrial solid waste production(tons) Negative 0.007 0.075 0.006

Per capita industrial soot discharge Negative 0.013 0.044 0.007

Eco-environment response

Annual investment of per capita industrial pollution control (yuan) Positive 0.190 0.046 0.106

Per capita domestic waste clearing and transporting volume(tons) Positive 0.059 0.092 0.066

Urban sewage treatment capacity (10,000 cubic meters/day) Positive 0.185 0.078 0.175

Comprehensive utilization rate of general industrial solid waste(%) Positive 0.053 0.111 0.071

IEW respects information entropy weight method; AHP respects analytic hierarchy process method; CW respects combination weight.

https://doi.org/10.3389/fevo.2023.1039865
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Yang and Wang 10.3389/fevo.2023.1039865

Frontiers in Ecology and Evolution 07 frontiersin.org

their average level, this study classified the development of subsystems 
into eight types (Table 3).

3.2.3. Fixed effects model
The degree of coordinated coping reflects the level of coordinated 

development of TIE. As a subsystem’s level of development varies, the 
proportionate relationship between these three subsystems also shifts. 
This further impacts their levels of coordinated development. The 
levels of these three subsystems consequently influenced the degree of 
coupling coordination of TIE.

The CCDM is incapable of reflecting the variable contribution of 
subsystem development to the overall degree of coupling coordination. 
This study utilized a panel regression model to examine the impact of 
the subsystem development level on the CCD across 30 provinces in 
the eastern, central, and western regions. Based on the preceding 
investigation, the following panel regression model was developed:

 D TI IS EE uti ti ti t i t ti= + + + + + +α β β β ϑ ε1 2 3 i  (9)

Where D represents the coupling coordination degree of province 
(city) i at year t; TI IS and EE,   is the comprehensive level of the 
technology innovation subsystem, industrial structure subsystem, and 
ecological environment ui subsystem α  denotes the constant term; 
parameters β β β1 2 3, ,and  represents the elasticity estimates of D with 
respect to TI IS and EE, ,  respectively; ui represents individual fixed 

effects; ϑt  represents time fixed effect; ε represents the random 
disturbance term.

3.2.4. Fully modified least-squares estimations
There is a complex interaction mechanism between the TIE 

subsystems. It is difficult to effectively describe the interrelationships 
between subsystems using a single equation. Therefore, a simultaneous 
equation system, including technological innovation, industrial 
structure upgrading, and the ecological environment, was constructed, 
and the interactive relationships among them were empirically 
analyzed. The 30 provinces were divided into eastern, central, and 
western regions for discussion purposes. The influence of 
technological innovation on the rationalization and advancement of 
industrial structures is different (Song and Bi, 2020; Wang et al., 2021). 
This study analyzed the impact of technological innovation, 
rationalization, and the advancement of the industrial structure and 
ecological environment. Through the implementation of ER, the 
government stimulates enterprises to continuously carry out 
technological innovation and clean production, improve the industrial 
structure, and reduce pollution emissions. Therefore, the ER variables 
were added to the simultaneous equations. In this study, the reciprocal 
of industrial sulfur dioxide and industrial wastewater discharge per 
unit of industrial output was used to represent the ER. The FMOLS 
method eliminates the sequence correlation and endogeneity 
problems and is suitable for small amounts of sample data (Wang and 

TABLE 2 The development type of coupling coordinated degree of TIE.

Division of development stages D Coordination types

Seriously uncoordinated development
0 0 0 2. .≤ <D Seriously coordinated development

0 2 0 3. .≤ <D Intermediate uncoordinated development

Slightly uncoordinated development
0 3 0 4. .≤ <D Slightly uncoordinated development

0 4 0 5. .≤ <D On the verge of coordinated development

Barely coordinated development
0 5 0 6. .≤ <D Barely coordinated development

0 6 0 7. .≤ <D Slightly coordinated development

Superior coordinated development

0 7 0 8. .≤ <D Intermediate coordinated development

0 8 0 9. .≤ <D Favorable coordinated development

0 9 1 0. .≤ <D Quality coordinated development

TABLE 3 Types of subsystem development.

Judgment criteria type

Simultaneous development of three-systems TI TI IS IS EE EE≥ ≥ ≥, , TI-IS -EE priority

Single-system lagged

TI TI IS IS EE EE≥ < ≥, , IS lagged

TI TI IS IS EE EE≥ ≥ <, , EE lagged

TI TI IS IS EE EE< ≥ ≥, , TI lagged

Two-system lagged

TI TI IS IS EE EE≥ < <, , IS - EE lagged

TI TI IS IS EE EE< ≥ <, , TI- EE lagged

TI TI IS IS EE EE< < ≥, , TI-IS lagged

Three-system lagged TI TI IS IS EE EE< < <, , TI -IS - EE lagged

TI IS EE, ,  refers to the average of the comprehensive scores for technology innovation, industry structure, and ecological environment subsystem.
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FIGURE 3

Trends in the comprehensive levels.

Zhang, 2021; Jin et al., 2022). Therefore, FMOLS was used to solve the 
following simultaneous equations.

 TI ISR ISA ER ER EE= + + + + + +ϕ ϕ ϕ ϕ ϕ ϕ ε0 1 2 3 4
2

5 1  (10)

 ISR ISA TI TI ER ER EE= + + + + + + +α α α α α α α ε0 1 2 3
2

4 5
2

6 2  (11)

 ISA = + + + + + + +β β β β β β β ε0 1 2 3
2

4 5
2

6 3ISR TI TI ER ER EE  (12)

 EE ISR ISA TI ER= + + + + +γ γ γ γ γ ε0 1 2 3 4 4  (13)

Equation (10) considers technological innovation as the explained 
variable, examines the influence of industrial rationalization, 
industrial advancement, and improvement in the ecological 
environment on technological innovation, and introduces the 
quadratic term of ER into the model to test the nonlinear relationship 
between ER and technological innovation. Equation (11) considers 
the rationalization of industrial structure as the explained variable, 
examines the influence of industrial advancement, technological 
innovation, and the ecological environment on industrial 
rationalization, and introduces the quadratic term of the level of 
technological innovation and ER into the model, which is used to test 
the nonlinear relationship. Equation (12) takes industrial advancement 
as the explained variable, examines the impact of industrial 
rationalization, technological innovation, and ecological environment 
on industrial advancement, and introduces the quadratic term of the 
level of technological innovation and ER into the model to test the 
nonlinear relationship. Equation (13) considers the ecological 
environment as the explained variable and examines the impacts of 
industrial rationalization, industrial advancement, and technological 
innovation on the ecological environment.

4. Results and discussion

4.1. Trend analysis of the three-system 
composite index

According to the combined weight method, the comprehensive 
scores of the three subsystems and the CCD were calculated. Overall, 
the comprehensive levels of the three subsystems showed a distinct 
developmental differentiation trend (Figure 3). The comprehensive 
level of technological innovation was the lowest, but increased each 
year, rising from 0.0326 in 2003 to 0.1749 in 2019, indicating that 
China’s technological innovation started late, but its development 
trend was relatively good. The comprehensive level of industrial 
structure increased from 0.1093 in 2003 to 0.1501 in 2019, an increase 
of 37.3285%. The industrial structure underwent tremendous change 
from 2003 to 2014. By 2015, the proportion of tertiary industries in 
China had exceeded the sum of the proportion of primary and 
secondary industries. The ecological environment level showed a 
downward trend during the observation period, but the overall trend 
was upward. The CCD trend is rising steadily, indicating that China is 

paying attention to the interactive development between TIE 
subsystems in the process of economic development. The CCD of TIE 
increased by 46.9203%, from 0.2776  in 2003 to 0.4071  in 2019, 
indicating the rapid development of China’s economy. The level of 
technological innovation has continuously improved, and the 
ecological environment has improved over the past 17 years.

4.2. Spatiotemporal differences in the CCD 
of TIE

4.2.1. Coupling and coordinated development 
type and evolution pattern

Further study of the distribution characteristics of the CCD of 
different provinces: Considering the CCD of four time-sections in 
2003, 2008, 2014, and 2019 (Supplementary Data Sheet 1), the 
spatiotemporal evolution of the CCD of 30 provinces (cities) was 
drawn using ArcGIS 10.8 (Figure 4).

From 2003 to 2019, the CCD of TIE steadily improved in all 
provinces. However, there are differences in the degree of coupling 
coordination between provinces (cities). In 2003, there were only two 
CCD stages in various provinces (cities): seriously uncoordinated and 
slightly uncoordinated. All provinces (cities) in the west were seriously 
uncoordinated. Hebei and Hainan in the east were in a seriously 
uncoordinated stage, whereas other eastern provinces (cities) were in 
a slightly uncoordinated stage. It is worth noting that Hainan and 
Ningxia are in a stage of serious imbalance. The levels of technological 
innovation in Hainan, and ecological environment in Ningxia are the 
lowest in the country. The spatial pattern of the CCD of the TIE was 
east high, central level, and west low. By 2008, the pattern of 
coordinated TIE development had not significantly changed. The 
provinces (cities) with slightly uncoordinated development were still 
concentrated in the east, which is in a very unbalanced state overall, 
with the gap between the high and low CCD values further increasing. 
Beijing is in a stage of barely coordinated development owing to the 
rapid development of industry and technology. Sichuan is in a slightly 
uncoordinated stage, whereas other provinces (cities) in the western 
China are still seriously uncoordinated. It is worth noting that the 
coordinated development level of TIE in Qinghai in 2008 is lower than 
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that in 2003, the reason is that the level of industrial structure and 
technological innovation in Qinghai is lower than that in 2003. In 
2014, the number of intermediate uncoordinated provinces (cities) 
decreased with slightly uncoordinated development becoming 
mainstream. Shanghai and Guangdong were barely coordinated. In 
the eastern region, the lowest CCD of Hainan Province was 0.260, and 
its technological innovation ability has become a shortcoming of 
coordinated development. As of 2019, only Qinghai, Ningxia, 
Xinjiang, and Inner Mongolia are in the seriously uncoordinated 
stage. Shanghai, Jiangsu, Zhejiang, and Guangdong barely coordinated. 
Beijing has entered the stage of high-quality coordination. The 
coordinated development level of TIE in Beijing was far ahead of that 
in other provinces (cities) during the observation period. The 
coupling-coordinated levels of TIE in Shanghai, Jiangsu, Zhejiang, and 
Guangdong also began to lead to other provinces (cities) from 2008 
to 2019.

By comparing Figures 4A–D, it can be observed that Guangdong 
had the largest change, with the CCD rising from 0.3619 in 2003 to 
0.6128 in 2019, an increase of 69.33%. The score of the technological 
innovation subsystem is relatively low compared to the comprehensive 
scores of the subsystems. The level of technological innovation in 
Guangdong has greatly improved with economic development, and its 
comprehensive score in 2019 was 0.6874 compared with only 0.064 in 

2003. Qinghai is in the intermediate uncoordinated stage; its industrial 
structure and technological innovation levels were at the bottom for 
the country during the four observation periods. Overall, provinces 
(cities) with a higher degree of coupling coordination demonstrated 
higher levels of technological innovation.

4.2.2. Evolution pattern of subsystem 
development types

The development of subsystems was divided into eight types. Four 
time-sections of 2003, 2008, 2014, and 2019 were selected in this study 
to examine the distribution type of each subsystem and were visually 
expressed using ArcGIS 10.8 (Figure 5).

In 2003, the spatial distribution pattern of subsystem 
development was like that of CCD. Provinces (cities) with 
synchronized development of the three systems are concentrated in 
the eastern and central regions. Provinces (cities) with a three-system 
lag were mainly concentrated in the western regions. In 2008, the 
number of provinces (cities) with three-system lags was higher than 
in 2003. The rapid development of some provinces (cities) increased 
the average comprehensive score of the subsystems, resulting in more 
provinces (cities) with three-system lags, and the provinces (cities) 
with three-system synchronous development and single-system lags 
were mainly concentrated in the east. The western and central regions 

FIGURE 4

Spatial distribution of the coupling coordination degree in (A) 2003, (B) 2008, (C) 2014, (D) 2019.
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have insufficient industrial development momentum and do not 
provide adequate support for technological innovation. The 
unbalanced development gap of subsystems in the three major 
regions and various provinces (cities) of China has increased. The 
level of technological innovation in Hunan was lower than the 
national average, and the development of the technological 
innovation subsystem lagged. The comprehensive level of Shandong’s 
industrial structure was higher than the national average, and the 
three systems have been developed simultaneously. In 2014, there 
was little change in the evolution patterns of the subsystem 
development types. All provinces (cities), with simultaneous 
development of the three systems, are concentrated in the east. 
Shanghai has experienced rapid economic development in the past 
5 years but has ignored the improvement of the ecological 
environment. The industrial structure level of Hubei is lower than the 
national average and has developed into an industrial structure lag 
type. The leading positions of Beijing, Jiangsu, Zhejiang, Shandong, 
and Guangdong in the simultaneous development of these three 
systems remained unchanged. After 5 years of development, the 
lagging problem of the three systems was alleviated. In 2019, seven 
provinces (cities) with the simultaneous development of the three 
systems were concentrated in the east, and only Hebei had a three-
system type lag. Although the development level of the subsystems 
in Jilin has improved, it is still lower than the national average. Fujian 

attaches great importance to technological innovation and developed 
from “TI lagged” in 2014 to three-system synchronization 
development. Gansu from the “three-system lagged” in 2014 to 
“TI-EE lagged” with the rapid development of the economy. The 
problem of the three-system lag was further alleviated.

Comparing Figures 5A–D, reveals that in the northeast region, the 
level of technological innovation in Liaoning is higher than that in the 
other two provinces, and technological innovation plays an important 
role in promoting the upgrading of industrial structure and ecological 
improvement. After 2008, technological innovations in Henan and 
Hunan exceeded the national average. The technological innovation 
impetus of Hainan is insufficient, and it belongs to the “TI lagged” 
category in the four observation points. The overall level of the 
ecological environment in the southwestern region was relatively high. 
Shaanxi’s technological innovation level is the highest among the five 
provinces in the northwest.

4.3. Fixed effect model

Table 4 displays descriptive statistics for all model variables. First, 
a panel unit root test is conducted to determine the stability of the 
variable sequence. The most prevalent tests for determining the unit 
root of panel data are the LLC test, Breitung test, Hadri test, IPS test 

FIGURE 5

Spatial distribution of subsystem development types in (A) 2003, (B) 2008, (C) 2014, (D) 2019.
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and Fisher test (including ADF Fisher and PP Fisher test). The LLC, 
Breitung, and Hadri tests assume that the series has a standard AR 
structure, implying the same root. The IPS and Fisher tests, on the 
other hand, assume that the series have distinct AR structures, 
resulting in different roots. In this study, the unit root test was 
conducted using six techniques. Among them, Breitung test assumes 
there is cross-sectional dependence. The other five tests hypothesized 
no cross-sectional dependence. Therefore, to alleviate the possible 
cross-sectional dependence, when conducting LLC, Hadri, IPS and 
Fisher tests, the panel data were first subtracted cross-sectional means, 
and then perform the test (Levin et al., 2002). The results of panel unit 
root testing are shown in Table 5. The results indicate that all variables 
are differentially stationary on the first order. The KAO panel test 
examines the co-integration connection between degree of coupling 
coordination and all explanatory factors. The significance of the ADF 
test data is displayed in Table 6. The VIF test for each explanatory 
variable reveals a maximum VIF of 1.82 (<5), indicating that the 
multicollinearity issue may be disregarded in the estimation findings. 
The F-test and Hausman test results in this paper indicate that the 
fixed effect model should be used to analyze the effects of technological 
innovation, industrial structure, and ecological environment on the 
degree of coupling coordination in all 30 provinces, and in the eastern, 
central, and western regions (Table 7).

Table 8 presents the estimation results of whether technological 
innovation, industrial structure, and the ecological environment have 
significantly positive influences on the coupling coordination level in 
the 30 provinces collectively, or in the three regions. Nationally, the 
elasticity of the ecological environment was the greatest (0.6812), 
indicating that a 1% increase in the level of the ecological environment 
would lead to a 0.9383% increase in the CCD when other factors 
remained constant. The elasticity of the industrial structural level is 
the lowest (0.3218). The results revealed that improvement in the 
ecological environment was the main contributor to the increased 
CCD of TIE in all 30 provinces, the level of technological innovation 
was the second highest, and the industrial structural level was the 
lowest. The ecological environment was the main contributor to the 

TABLE 4 Descriptive statistics of variables.

Variable N Min Max Median Average
Standard 
variation

Coupling coordination degree (D) 510 0.1759 0.7735 0.3200 0.3441 0.1014

Industrial Structure (IS) 510 0.0467 0.5152 0.0830 0.1089 0.0789

Technology Innovation (TI) 510 0.0008 0.7794 0.0417 0.0833 0.1145

Ecological Environment (EE) 510 0.1013 0.4949 0.2633 0.2682 0.0656

Industrial Structure Rationalization (ISR) 510 0.0114 0.5593 0.0475 0.0755 0.0865

Industrial Structure Efficiency (ISA) 510 0.2413 5.2314 1.0106 1.1296 0.6429

TABLE 5 Result of panel unit root tests.

Series LLC Breitung Hadri IPS Fisher ADF Fisher PP

Levels

Coupling (D) −2.2996** 4.4220 44.5770*** −3.6878*** −5.0688*** 3.7819

Industrial structure (IS) −1.6812** 6.2553 41.6812*** 0.2153 −4.0637*** 4.6977

Technology innovation (TI) −0.3915 14.9449 49.2054*** 4.5572 6.8532 8.6330

Ecological environment (EE) −5.3402*** −3.1806*** 17.2679*** −7.0866*** −9.1138*** −5.1464***

Environmental regulation (ER) −3.9206*** −7.4180*** 9.6375*** −8.8903*** −9.0539*** −7.5890***

Industrial structure rationalization (ISR) −3.9282*** 3.9688 31.8970*** −4.9512*** −3.3803*** 3.5879

Industrial structure advancement (ISA) −5.5968*** 5.1878 44.2300*** −0.4398*** −5.7904*** 4.4401

First 

difference

Coupling (D) −8.0598*** −8.9895*** 11.1721*** −10.6576*** −13.3735*** −17.5234***

Industrial structure (IS) −6.7658*** −7.6562*** 4.8121*** −8.8502*** −11.0533*** −11.0018***

Technology innovation (TI) −7.0930*** −3.6930*** 19.4799*** −9.0088*** −7.1017*** −3.7682***

Ecological environment (EE) −10.6485*** −12.5695*** 4.1790*** −12.2904*** −15.6319*** −24.1277***

Environmental regulation (ER) −8.3673*** −9.2307*** 5.7148*** −13.1702*** −15.6088*** −28.1352***

Industrial structure rationalization (ISR) −9.4086*** −9.8553*** 14.0118*** −11.1568*** −14.2680*** −19.4798***

Industrial structure advancement (ISA) −7.4682*** −8.2403*** 3.3772*** −8.6057*** −12.4296*** −10.7478***

***, **, * represent significance at 1%, 5%, and 10% inspection levels, respectively.

TABLE 6 Kao panel co-integration test.

Co-integration 
test

The 30 
provinces

East Central West

ADF test statistics −2.1646 −2.0292 −2.9287 −2.2877

Residual variance 4.17E-05 4.25E-05 2.14E-05 2.73E-05

HAC variance 6.94E-05 6.89E-05 3.34E-05 3.43E-05

Probability value 0.0152 0.0212 0.0017 0.0111
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increase in CCD in the eastern region, followed by the industrial 
structure, and technological innovation had the least contribution. In 
the central region, improvement in CCD was mainly caused by 
technological innovation, followed by the level of ecological 
environment development, and industrial structure had the least 
impact. The level of technological innovation in the western region is 
the main reason for improving the coupling coordination degree, 
followed by the level of industrial structure. The impact on the 
ecological environment is the least important reason. Whether across 
the whole country or in the three regions, the elasticity difference of 
the subsystem development level to CCD is statistically significant.

4.4. Fully modified least-squares model

4.4.1. Fully modified least-squares estimation 
results

As indicated in the preceding section, descriptive statistics were 
computed on the necessary variables, and the stability of the variable 
sequence was examined. Using the KAO panel test, the connection 
between the dependent and independent variables was examined. The 
greatest VIF for each explanatory variable was 1.98 (5), indicating that 
the multicollinearity issue may be disregarded. Table 9 displays the 
results of the approximated cointegration equations for the FMOLS.

 1. At a significance level of 1%, industrial advancement had a positive 
impact on technological innovation in 30 provinces as a whole, 
and in the eastern, central, and western regions. It demonstrates 
an inverted “U”-shaped relationship between ER and technology 
innovation in eastern and central China, which supports the 
“Porter Hypothesis.” A “U”-shaped relationship was identified 
between ER and technology innovation in the western region. A 
possible reason is that when ER is in the developing stage in the 
western regions, the government’s awareness of environmental 
protection is relatively lacking. When the ER intensity is relatively 
low, enterprises prefer to follow specific pollution spending to 
reduce pollutant emissions instead of pursuing technological 
progress. When the intensity of ER is relatively high, the pollution 
management cost of enterprises further increases, compelling 
them to achieve the goals of saving energy and reducing emissions 
through science and technological innovation.

 2. Industrial advancement has a significantly positive impact on 
industrial rationalization in all 30 provinces, and in the eastern, 
central, and western provinces. Technological innovation has a 
“U”-shaped impact on industrial rationalization in the central 
and western regions, which first inhibits and then promotes. In 
the long term, technological innovation can effectively promote 
industrial rationalization. At the significance level of 5%, ER and 
industrial structure rationalization showed a “U”-shaped impact 
that first inhibited and then promoted in all 30 provinces, and 
in the eastern, central, and western provinces, indicating that 
with the increase in ER intensity, the technological innovation 
level of enterprises improved, improving resource utilization 
efficiency and the factor input–output ratio.

 3. A “U”-shaped relationship was found between technological 
innovation and industrial advancement in all 30 provinces, and 
in the eastern, central, and western provinces, but this 
relationship was not statistically significant in the west. ER and 
advanced industrial structure follow a “U”-shaped relationship 
in all 30 provinces, and in the three regions, indicating that with 
the increase in the intensity of ER, pollution-oriented industries 
changed their management style from “end-control” to “source-
control” treatment, promoting the advancement of industrial 
structure. Improvements in the ecological environment play a 
significant positive role in promoting industrial advancement. 
In areas with a better ecological environment, the local 
government has not weakened the intensity of ERs owing to 
improvements in the ecological environment. To maintain a 
good local ecological state and prevent the emergence of 
ecological environmental degradation, the government will 
continue to maintain governance of the ecological environment.

 4. At a significance level of 1%, industrial rationalization, industrial 
advancement, and technological innovation can promote the 
improvement of the ecological environment in all 30 provinces, 
and the eastern, central, and western provinces. The impact of ER 
on ecological environment improvement in all 30 provinces, and 
in the three regions, is significant at the 10% level. This shows that 
governments can not only improve the ecological environment 
through ER, but also impact the investment behavior of 
enterprises, “forcing” some high-polluting enterprises to promote 
industry structural upgrading by shutting down outdated 
production facilities, carrying out the technological 

TABLE 7 Panel data model selection.

Test type The 30 provinces East Central West

F-test 66.9942*** 112.7076*** 20.5577*** 54.1980***

Hausman test 32.0102*** 0.0201** 11.2984** 35.4644***

Model type FE FE FE FE

FE is a fixed effects model; ***, **, * represent significance at 1%, 5%, and 10% inspection levels, respectively.

TABLE 8 Panel regression model estimation results.

Variables The 30 provinces East Central West

TI 0.3380*** 0.2080*** 0.6769*** 0.6410***

IS 0.3218*** 0.2848*** 0.3902*** 0.5858***

EE 0.6812*** 0.7494*** 0.4963*** 0.4440***

R 2 0.9653 0.9829 0.9755 0.9656

***, **, * represent significance at 1%, 5%, and 10% inspection levels, respectively.
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transformation, improving production technology and other 
measures, reducing pollutant emissions, and effectively promoting 
the improvement of the local ecological environment.

4.4.2. Robustness test
Considering the data availability of the variables, this study 

adopted the method of replacing the variables to conduct a robustness 
test. In addition to the reciprocal of industrial sulfur dioxide and 
industrial wastewater discharge per unit of industrial output value, the 
ratio of investment in industrial pollution control to industrial added 
value can also effectively measure environmental regulation intensity. 
Table 10 shows the regression results of FMOLS, which uses the ratio 
of industrial pollution control investment to industrial added value to 
represent the environmental regulation variables. The results of the 
robustness test are basically consistent with those of the previous 
analysis, indicating that the empirical results in Table 9 are robust.

4.5. Discussion

Based on the results of section 4.4, we find that:
In the long run, the effect of industrial structure rationalization 

on technological innovation is not statistically significant for all 30 
provinces and in the three (eastern, central, and western) regions. 
However, regardless of all 30 provinces, and the eastern, central, or 
western regions, the upgrading of industrial structure significantly 

promoted regional innovation, which is consistent with the results of 
Sun et al. (2022). The regression coefficient showed a declining east to 
west trend. This shows that industrial development can provide 
impetus and conditions for technological innovation. There is an 
inverted “U”-shaped relationship between environmental regulation 
and technological innovation in the central region, which is 
inconsistent with the results of Song et al. (2019). Before the turning 
point, environmental regulation in these regions motivates enterprises 
to develop green technological innovation. After the turning point, 
when environmental regulation is further strengthened, it imposes a 
burden on firms and reduces their innovation output.

In the long run, technological innovation plays a significant 
positive role in promoting the rationalization of industrial structures. 
This shows that the improvement in technological innovation level is 
conducive to the rational allocation of production factors and the 
coordinated development of various industries. There is a “U”-shaped 
relationship between technological innovation and the advancement 
of industrial structure in all 30 provinces (Song et al., 2019), this is 
consistent with the result of this study. The increase in a large amount 
of R&D investment in the short term will lead to higher technology 
costs and occupy other resources to improve industrial efficiency. 
However, with improvements in technological innovation, its 
innovation effect will gradually emerge. The impact of environmental 
regulation on the upgrading of industrial structure is in a “U”-shaped 
relationship in the central and western regions, which is inconsistent 
with Zhang and Lin (2022). This shows that with the improvement of 
environmental regulation intensity, pollution-intensive industries face 

TABLE 9 Equations based on FMOLS regression results.

The dependent 
variable

The independent 
variable

The 30 provinces East Central West

TI

ISR −0.0741 −0.6143 0.1252 0.3408

ISA 0.1161*** 0.2645*** 0.0325*** 0.0282***

ER 0.1662*** 0.2943*** 0.1241*** −0.0632***

ER2 −0.0901*** −0.1786** −0.0430*** 0.0351***

EE 0.0715*** 0.0560 0.0634 0. 0957***

ISR

ISA 0.0832*** 0.0279* 0. 0158** 0.0103***

TI 0.2586*** 0.9262*** −1.7039*** −1.2251***

TI 2 −0.2704 2.4925 34.6632*** 60.0699***

ER −0.0368** −0.3623*** −0.00 36*** −0.0278***

ER2 0.0051*** 0. 3,822*** 0.0197*** 0.0863***

EE 0.0668 −0.1152 0.0307 0.0368

ISA

ISR 3.1669*** 3.0090*** 4.2587*** 0.0455

TI −1.8993*** −14.0061*** −1.3374*** −17.0758***

TI2 3.1131*** 166.1205*** 0.8221*** 197.3331

ER −0.8645*** −0.5297** −0.9224*** −1.1928***

ER2 0.1161*** 0.1209*** 0.1182*** 0.7400**

EE 0.8795** 0.8851*** 2.0365*** 1.2208***

EE

ISR 1.5170*** 1.4418*** 0.8,395** 0.8947***

ISA 0.1311*** 0.1,697*** 0.1,104*** 0.1074***

TI 1.9830*** 2.1567*** 1.0581*** 2.6243***

ER 0.05625*** 0.0683* 0. 03168** 0.0649*

***, **, * represent significance at 1%, 5%, and 10% inspection levels, respectively.
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TABLE 10 Robustness test of results.

The dependent 
variable

The independent 
variable

The 30 provinces East Central West

TI

ISR 0.2547 −0.0273 −0.1301 −0.0507

ISA 0.0806*** 0.0795*** 0.0592*** 0.0329*

ER 0.0006** 0.0035*** −0.017*** −0.0004**

ER2 −1.35E-06*** −2.69E-05*** 9.83E-05*** 9.31E-07*

EE 0.8280*** 1.8356*** 0.4302*** 0.2840***

ISR

ISA 0.0651*** 0.0644*** 0.0999*** 0.0111*

TI 0.1805** 0.2649*** −0.0584*** −0.4394***

TI2 −0.1648 −0.2878 0.3021** 1.7806***

ER −0.0002* −0.0001** −0.0001*** −9.61E-05**

ER2 4.28E-07*** 1.54E-07*** 2.41E-06*** 2.15E-07***

EE 0.0103 0.0669 0.0446 0.0321

ISA

ISR 4.3052*** 3.7555 5.7262*** 3.5131

TI −0.4578** −0.3888*** −4.2109** −6.4836**

TI2 0.9959** 2.2177* 9.7942*** −1.0283*

ER −0.0012* −0.0019*** −0.0042** −0.0023*

ER2 4.66E-07*** 2.06E-05** 3.87E-05*** 6.14E-06***

EE 0.8493* 1.2400 0.5317 0.0235

EE

ISR 0.0731 0.1134* 0.2037*** 1.3306***

ISA 0.0003*** 0.0082*** 0.0039** 0.0218***

TI 0.3128*** 0.2854*** 0.5349*** 0.5462***

ER 2.70E-05* 0.0001* 0.0002*** 0.0002**

***, **, * represent significance at 1%, 5%, and 10% levels, respectively.

higher compliance and cost and have stronger internal motivation to 
carry out technological innovation and optimize the structure, which 
is conducive to promoting the advanced industrial structure.

Yuan et al. (2019) believe that there is a negative relationship 
between the intensity of environmental regulation and the 
optimization of the ecological environment in the central and western 
regions, which is not consistent with the results of this study, and the 
reason may be related to the selection of different research objects, 
research methods, and sample time span. The empirical results show 
that the transformation of industrial structure and technological 
progress is conducive to ecological environment optimization, which 
is consistent with the result of Li et al. (2022). From Table 9, it can 
be  inferred that a reasonable industrial structure can reduce the 
pressure on the ecological environment brought about by economic 
development to a great extent. The resource elements of the ecosystem 
provide the material basis for upgrading industrial structure and 
technological innovation. A good ecological environment is beneficial 
for the introduction of talent and high-tech industries.

5. Conclusion and suggestions

From the perspective of sustainable economic development 
in China, this study regarded technological innovation, industrial 
structure, and the ecological environment as three measurable 
subsystems, constructed a comprehensive evaluation index 
system for TIE, and studied the coupling relationship of TIE at 
the provincial level using the CCDM. This study investigated the 

spatiotemporal differentiation characteristics of the coordinated 
development of TIE. A fixed effect model was used to examine 
the differential impact of subsystem development on the coupling 
coordination level. Furthermore, to extend and enrich the study, 
the interaction between the three subsystems was studied using 
the FMOLS model, and the results showed that:

 1. From 2003 to 2019, the CCD of TIE showed an upward trend. 
However, the speed of development was relatively slow, and the 
development of TIE in most areas was still in the stage of slight 
imbalance. During the observation period, the CCD of the TIE 
was east high, center-level, and west-low. After 17 years of 
development, the problems of serious imbalances were 
alleviated and the problems of the lagged development of 
subsystems were further alleviated.

 2. Technological innovation, industrial structure, and ecological 
environment have a statistically significant impact on the 
coupling coordination level, and the elasticity of development 
subsystems to the CCD of TIE shows obvious regional 
heterogeneity. The impact of the ecological environment on 
their coordinated development level was largest in all 30 
provinces and in the eastern regions, while technological 
innovation was the main contributor to the increase in the 
CCD of TIE in the central and western regions.

 3. The advancement of the industrial structure has a positive 
effect on technological innovation. Because economic 
development levels vary at the regional level, the impact of 
technological innovation on the rationalization of industrial 
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structure varies among regions. However, in the long run, 
technological innovation has a positive impact on the 
rationalization of industrial structures. There is a “U”-shaped 
relationship between technological innovation and industrial 
advancement. However, this relationship was not statistically 
significant in the western region. Rationalization and 
advancement of industrial structure, as well as technological 
innovation, are conducive to the improvement of the 
ecological environment.

Based on our research findings, we  make the following  
recommendations:

 1. China should continue to upgrade its industrial structure. 
Different regions should formulate differentiated industrial 
policies according to their economic development stages 
and regional resource situations (Lin and Zhu, 2019). The 
industrial structure of the eastern provinces should play a 
demonstrative role in the development of high-tech and 
emerging industries, and the central and western provinces 
should further promote the transformation of old and new 
driving forces based on the existing industrial structure, 
further promoting the vigorous development of energy-
saving and environmentally friendly high-tech industries 
and accelerating the ecological development of the regional 
industrial structure.

 2. Appropriate ER policies were adopted according to local 
conditions. Relevant government departments should 
comprehensively consider local environmental pollution, 
technological innovation, and industrial development and 
implement differentiated ER policies. The intensity of ER 
should be within an appropriate range, and it is necessary 
to strengthen ERs in the western region and improve the 
environmental protection consciousness of 
enterprises there.

 3. Encourage technological innovation and provide an 
endogenous impetus for changes in industrial structure. 
Governments and enterprises should increase investments in 
technological innovation and guide more funds to flow into the 
high-tech and green energy industries. It is necessary to further 
implement an innovation-driven strategy and formulate 
targeted talent introduction policies. Western regions should 
continuously increase innovation investment, attach 
importance to cooperation between enterprises and scientific 
research institutions, and create a good environment for 
technological innovation to improve the level of regional 
technological innovation.

Although this study provides sufficient evidence for the 
interaction between technological innovation, industrial structure 
upgrading, and the ecological environment, it also has limitations 
that require further research. First, due to the constraints of data 
acquisition, the sample period of this study was limited to 2003–2017. 
If additional data were available, this study would have produced 
more robust results. Second, this study considers 30 provinces (cities) 
in China as the research object, but there is a large gap between the 
resource endowment and the economic development of these 30 

provinces (cities). Third, this study focuses only on regional 
disparities at the macro level, omitting the influence of micro-level 
differences in firm characteristics. The interaction between 
technological innovation, industrial structure upgrading, and 
ecological environment optimization must be thoroughly discussed 
to provide a more effective and practical reference for government 
policy designation.
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